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Introduction {#sec005}
============

Left ventricular (LV) long-axis contraction can be impaired in the presence of a normal LV ejection fraction (LVEF), and this has been demonstrated using a number of echocardiographic techniques including M-mode \[[@pone.0235791.ref001]--[@pone.0235791.ref003]\], tissue Doppler imaging (TDI) \[[@pone.0235791.ref004]--[@pone.0235791.ref006]\] and both colour Doppler and speckle tracking strain \[[@pone.0235791.ref003], [@pone.0235791.ref007]--[@pone.0235791.ref011]\]. That there is clinical significance of this impairment is suggested by evidence that reduced LV long-axis contraction is one of the features of heart failure with preserved EF (HFpEF) \[[@pone.0235791.ref003], [@pone.0235791.ref008], [@pone.0235791.ref009], [@pone.0235791.ref011]\], and supported by reports that there is prognostic utility for measurements of mitral annular systolic excursion (SExc) \[[@pone.0235791.ref012], [@pone.0235791.ref013]\], the peak mitral annular systolic velocity (s\`) \[[@pone.0235791.ref014], [@pone.0235791.ref015]\], and global longitudinal strain (GLS) \[[@pone.0235791.ref011], [@pone.0235791.ref016], [@pone.0235791.ref017]\] in subjects with a normal LVEF. A deterioration in LV long-axis systolic function is also recognized to be an early indicator of a subsequent reduction of LVEF in cardio-oncology, and there has been particular interest in the use of GLS measurements using speckle tracking for this purpose \[[@pone.0235791.ref018]\]. Suggested advantages of GLS over M-mode and TDI variables include its relative independence from translation, tethering and the angle of incidence. However, there are also limitations of GLS, with a major limitation being that accurate measurement is dependent on having non-foreshortened LV imaging in all three apical LV views, in conjunction with imaging of adequate quality to allow tracking in most of the 6 segments in each of these views. Indeed, in large studies in subjects with normal LVEF, GLS has not been feasible in a substantial proportion of the subjects \[[@pone.0235791.ref009], [@pone.0235791.ref011], [@pone.0235791.ref017]\], with the implication that it cannot be used for the assessment of LV long-axis systolic function in all individuals. The lack of general feasibility of GLS is in contrast with mitral annular TDI signals, for which measurements have been possible in most subjects in large population studies \[[@pone.0235791.ref015], [@pone.0235791.ref019]\].

While there must be overlap in the information about LV long-axis function provided by systolic TDI variables and GLS, a detailed understanding of the relationships between the different long-axis variables is necessary prior to determination of their interchangeability and relative utilities. However, there has only been limited study of the relationships between GLS, SExc and s\` in the setting of a normal LVEF. There is one report of a positive correlation of the absolute value of GLS (conventionally a negative number) with M-mode derived SExc in an analysis of HFpEF and control subjects \[[@pone.0235791.ref003]\], two reports of positive correlations of absolute GLS with s\` in subjects at their baseline assessment in HFpEF trials \[[@pone.0235791.ref009], [@pone.0235791.ref011]\], and a recent population study reported reductions in both absolute GLS and M-mode derived SExc during aging \[[@pone.0235791.ref020]\]. A limitation of these studies has been that the relationships of GLS with SExc and s\` have not been compared within the same study, this being of potential importance given that the correlation of s\` with SExc has been variable (r = 0.47--0.71) in previous studies \[[@pone.0235791.ref003], [@pone.0235791.ref021]\]. Neither has there been consideration in most studies of whether variations in left ventricular end-diastolic length (LVEDL) and heart rate might affect the relationship of GLS with s\` or SExc. The aim of the present study was to investigate the relationships of GLS with TDI measurements of SExc and s\`, LVEDL and heart rate in a group of subjects without a history of heart failure, but considered to be at risk of future cardiac events due to the presence of a reduced LV mitral annular peak early diastolic velocity (e\`) \[[@pone.0235791.ref015], [@pone.0235791.ref022], [@pone.0235791.ref023]\]. Adults with low values of septal and lateral e\`were identified from a group of subjects who had been referred for the investigation of chest pain, dyspnea or possible ischemic heart disease, and found to have a normal LVEF, normal short-axis regional LV contraction, no evidence of ischemic heart disease, no significant valvular disease, and LV 2D imaging which appeared to be of suitable quality for the measurement of GLS.

Methods {#sec006}
=======

Subjects {#sec007}
--------

The study design was approved by the Monash Health Human Research Ethics Committee and all clinical investigation was conducted according to the principles expressed in the Declaration of Helsinki. Studies were identified retrospectively from consecutive outpatient stress echocardiograms performed at Monash Health for clinical indications between July 2011 and May 2013. The need for individual patient consent was waived. Exclusion criteria were known ischemic heart disease, a LVEF \<50%, a regional LV wall motion abnormality, a cardiac rhythm other than sinus, an atrioventricular conduction abnormality or bundle branch block, evidence of inducible myocardial ischemia, more than mild valvular dysfunction and inadequate image quality for the identification of endocardium or epicardium in any of the three apical views of the left ventricle. There were 87 studies identified in which the exclusion criteria were absent and in which there was a low e\`, based on a septal e\`≤ 7.0 cm/s and a lateral e\`≤ 9.0 cm/s, of which 3 were subsequently excluded because of the presence of more than 2 segments in any of the 3 views in which strain could not be measured.

Echocardiography {#sec008}
----------------

Echocardiography was performed prior to exercise with the subject in a supine position using a GE Vivid 7 (GE Healthcare, Chicago, Illinois, USA). Apical 4-, 2- and 3-chamber two-dimensional loops of LV contraction were recorded. Pulsed wave tissue Doppler imaging was performed at the septal and lateral borders of the mitral annulus. All the GLS and TDI measurements were performed off-line, with GLS and systolic TDI measurements made at separate sittings by independent investigators who were blinded to GLS results when making TDI measurements. GLS was measured as peak-systolic strain using 2D speckle tracking in the apical 4-, 2- and 3-chamber views (EchoPac V 113.1.5, GE Healthcare, Chicago, IL, USA) consistent with previously described principles \[[@pone.0235791.ref024]\]. The LVEF was calculated using the biplane method of discs. The LV length at end-diastole from the plane of the mitral annulus to the apical endocardium in the 4- and 2-chamber views was recorded during the measurement of the LV end-diastolic volume, and the longest dimension from these 2 views has been used as the LVEDL \[[@pone.0235791.ref025], [@pone.0235791.ref026]\]. Measurements of the TDI signals were made of e\`, s\`, and of SExc as the integral of the systolic signal during ejection, with the tracing performed just inside the outer border of the Doppler envelope, as previously described \[[@pone.0235791.ref026], [@pone.0235791.ref027]\].

### Measurement variability {#sec009}

All TDI values shown represent an average of the measurements from the septal and lateral annular borders. Averages of the GLS and TDI results from two independent investigators have been used in the regression analyses investigating the relationships between GLS and TDI variables. Variability between the two observers has been assessed for the TDI and GLS measurements using linear regression analysis, the mean differences and Bland-Altman plots.

Statistical analysis {#sec010}
--------------------

Statistical analysis was performed using Systat V13 (Systat Software, Chicago, IL, USA). Continuous variables are presented as mean ± SD. Univariate linear regression analysis was performed to determine the correlates of GLS (using the absolute value of GLS) and the r value has been reported. Multivariate regression analysis was performed with variables chosen and entered sequentially to address the aims of the study. The partial correlation coefficient (β) value is provided for variables in the multivariate analyses. The coefficient of determination has been adjusted for the number of terms in the model (adjusted r^2^) and used to estimate the extent of variance in a dependent variable explained by a multivariate model. A *p* value of \<0.05 has been accepted as significant.

Results {#sec011}
=======

Demographic, anthropometric and echocardiographic data of the study group are shown in [Table 1](#pone.0235791.t001){ref-type="table"}. The LVEF varied between 50.7% and 76.3% and GLS varied between -12.7% and -24.6%. Univariate correlations of GLS are shown in [Table 2](#pone.0235791.t002){ref-type="table"}. The absolute value of GLS was positively correlated with s\`([Fig 1](#pone.0235791.g001){ref-type="fig"}) and SExc ([Fig 2](#pone.0235791.g002){ref-type="fig"}) and inversely correlated with heart rate, a positive correlation of GLS with systolic BP was borderline significant, but GLS was not correlated with LVEDL.

![Scatter plot showing the relationship of the absolute value of GLS with s\`.](pone.0235791.g001){#pone.0235791.g001}

![Scatter plot showing the relationship of the absolute value of GLS with SExc.](pone.0235791.g002){#pone.0235791.g002}

10.1371/journal.pone.0235791.t001

###### Subject characteristics.

![](pone.0235791.t001){#pone.0235791.t001g}

  -------------------------------------- --------------
  Male: Female                           29:55
  Age (years)                            66±8
  Hypertension                           61 (73%)
  Diabetes                               23 (27%)
  Indication for stress echocardiogram   
  Chest pain                             52 (62%)
  Dyspnea                                9 (11%)
  Other                                  23 (27%)
  Body surface area (m^2^)               1.81±0.21
  Body mass index (kg/m^2^)              28.9±4.2
  Blood pressure (mmHg)                  137±18/80±10
  Heart rate (bpm)                       73±9
  Left atrial volume index (mL/m^2^)     33±7
  LVEF (%)                               62±6
  GLS (%)                                -17.5±2.3
  LVEDL (cm)                             8.5±0.7
  Transmitral E/A                        0.88±0.23
  Average s\`(cm/s)                      6.7±1.2
  Average SExc (cm)                      1.2±0.2
  Average e\`(cm/s)                      5.2±0.9
  -------------------------------------- --------------

10.1371/journal.pone.0235791.t002

###### Univariate correlations with the absolute value of GLS.

![](pone.0235791.t002){#pone.0235791.t002g}

  Independent variable       r       p
  -------------------------- ------- ---------
  SExc                       0.50    \<0.001
  s\`                        0.28    0.011
  LVEDL                      -0.15   0.18
  Heart rate                 -0.36   0.001
  Systolic blood pressure    0.21    0.054
  Diastolic blood pressure   0.12    0.29

Multivariate models of the absolute value of GLS which include combinations of s\`, SExc and LVEDL are shown in [Table 3](#pone.0235791.t003){ref-type="table"}. In the multivariate model which included both s\` and SExc, a greater proportion of the variance in GLS was explained by SExc than by s\`, and s\` was no longer a significant contributor to the model. In the model which included LVEDL with SExc, SExc was a positive correlate of GLS, LVEDL was an inverse correlate, and there were increases in the partial correlation coefficients for both SExc and LVEDL when these variables were combined. In the model of GLS which included s\` and LVEDL, LVEDL became a borderline significant contributor.

10.1371/journal.pone.0235791.t003

###### Models of the absolute value of GLS including s\`, SExc and LVEDL.

![](pone.0235791.t003){#pone.0235791.t003g}

  Independent variable   r       β in multivariate model   p value in multivariate model   Cumulative adjusted r^2^
  ---------------------- ------- ------------------------- ------------------------------- --------------------------
  s\`                    0.28    0.044                     0.69                            0.07
  SExc                   0.50    0.47                      \<0.001                         0.23
  s\`                    0.28    0.31                      0.005                           0.07
  LVEDL                  -0.15   -0.19                     0.08                            0.09
  SExc                   0.50    0.59                      \<0.001                         0.24
  LVEDL                  -0.15   -0.33                     0.001                           0.33

To explore possible reasons for the closer correlation of GLS with SExc than with s\`, and in view of previous evidence that heart rate has a modifying effect on the relationship between s\` and SExc \[[@pone.0235791.ref021]\], the relationships of s\` with SExc, and of s\` and SExc with heart rate, were examined. On univariate analysis, there was only a moderate correlation of s\` with SExc (r = 0.50, p\<0.001) and heart rate was inversely correlated with SExc (r = -0.41, p\<0.001), but not correlated with s\`(r = 0.17, p = 0.12). In a multivariate model of s\`, after the addition of heart rate to SExc, SExc remained a positive correlate (β = 0.68, p\<0.001), heart rate also became a positive correlate (β = 0.45, p\<0.001), and there were increases in the partial correlation coefficients of both independent variables. Moreover, the variance of s\` explained following the addition of heart rate to SExc increased substantially from to 24% to 40%.

Multivariate models of GLS which include combinations of heart rate and systolic BP with s\`, SExc and LVEDL are shown in [Table 4](#pone.0235791.t004){ref-type="table"}. In combination, heart rate and systolic BP were independent predictors of GLS and there was no interaction evident between these two variables when they were combined. The addition of heart rate to s\` and LVEDL resulted in a substantial increase in the variance of GLS explained, and in turn, the addition of systolic BP provided a further mild increase, with all variables significant contributors in the model. In contrast, although heart rate was also a significant contributor to the prediction of GLS in combination with SExc and LVEDL, its inclusion only resulted in a small increase in the variance of GLS explained, and systolic BP was not a contributor to the prediction of GLS in combination with SExc, LVEDL and heart rate. The model which included s\`, LVEDL, heart rate and systolic BP explained the same variance of GLS (38%) as the model with SExc, LVEDL and heart rate.

10.1371/journal.pone.0235791.t004

###### Models of the absolute value of GLS including heart rate and blood pressure.

![](pone.0235791.t004){#pone.0235791.t004g}

  Independent variable   r       β in multivariate model   p value in multivariate model   Cumulative adjusted r^2^
  ---------------------- ------- ------------------------- ------------------------------- --------------------------
  Heart rate             -0.36   -0.37                     \<0.001                         0.12
  Systolic BP            0.21    0.23                      0.026                           0.16
  s\`                    0.28    0.35                      0.001                           0.07
  Heart rate             -0.36   -0.42                     \<0.001                         0.23
  s\`                    0.28    0.42                      \<0.001                         0.07
  Heart rate             -0.36   -0.54                     \<0.001                         0.24
  LVEDL                  -0.15   -0.36                     \<0.001                         0.34
  s\`                    0.28    0.42                      \<0.001                         0.07
  LVEDL                  -0.15   -0.35                     \<0.001                         0.09
  Heart rate             -0.36   -0.55                     \<0.001                         0.34
  Systolic BP            0.21    0.22                      0.013                           0.38
  SExc                   0.50    0.50                      \<0.001                         0.21
  LVEDL                  -0.15   -0.37                     \<0.001                         0.33
  Heart rate             -0.36   -0.26                     0.008                           0.38

Results of GLS, s\` and SExc from the two observers showing means, correlations and differences are shown in [Table 5](#pone.0235791.t005){ref-type="table"} and Bland-Altman plots are shown in [Fig 3](#pone.0235791.g003){ref-type="fig"}. There were small differences in the average values of GLS, s\` and SExc between the observers. Interobserver correlations were close for s\` and SExc (r = 0.89--0.93), but only moderate for GLS (r = 0.71).

![Bland-Altman plots of the results from the two observers for GLS (A), s\` (B) and SExc (C).\
On each plot there is a horizontal dotted line at y = zero representing the position of no difference between the two observers, and two horizontal dashed lines representing the 95% confidence limits of the differences between the two observers.](pone.0235791.g003){#pone.0235791.g003}

10.1371/journal.pone.0235791.t005

###### Reproducibility measurements.

![](pone.0235791.t005){#pone.0235791.t005g}

                     Observer 1   Observer 2   r      Difference (SD)
  ------------------ ------------ ------------ ------ -----------------
  Absolute GLS (%)   17.4±2.5     17.6±2.6     0.71   0.2 (1.9)
  s\`(cm/s)          6.6±1.2      6.8±1.2      0.93   0.2 (0.4)
  SExc (cm)          1.1±0.2      1.2±0.2      0.89   0.1 (0.1)

An average of the apical 4-chamber GLS from the 2 observers was also investigated on the basis that 4 chamber view derived TDI variables might be more closely correlated with GLS from the 4-chamber view than from standard GLS which is an average from the 3 apical views. There was a small systematic difference between GLS and 4-chamber GLS (-16.9% v -17.5% p\<0.001), but the two variables were closely correlated (r = 0.85, p\<0.001). The closeness of the relationships of GLS with SExc were examined comparing apical 4-chamber GLS and standard 3-view GLS, with LVEDL and heart rate included in the models. Only 30% of the variance in SExc was explained by the model which included 4-chamber GLS, whereas the addition of standard GLS to this model improved the variance of SExc explained to 40%.

Discussion {#sec012}
==========

The aim of this study was to explore the relationships of GLS with TDI measurements of s\` and SExc, LVEDL and heart rate. The study was performed in selected subjects with a LVEF within the normal range and no ischemic or valvular heart disease, but a low e\`, and thus increased risk of cardiovascular disease. These criteria resulted in a group in which GLS varied over a range from normal to moderately reduced. The main findings were: (1) the absolute value of GLS was positively correlated with both s\` and SExc, but was more closely correlated with SExc, (2) although not significant on univariate analysis, the absolute value of GLS was inversely correlated with LVEDL in multivariate models where LVEDL was combined with SExc, and (3) the prediction of GLS was improved by the inclusion of heart rate in models which included s\`, and to a lesser extent, in models which included SExc.

There is evidence that GLS has prognostic significance in subjects with a preserved LVEF \[[@pone.0235791.ref011], [@pone.0235791.ref016], [@pone.0235791.ref017]\], and that GLS is a more sensitive detector of anthracycline cardiotoxicity than LVEF \[[@pone.0235791.ref028]\]. There is also evidence for the prognostic significance of the relatively simpler measurements of s\` \[[@pone.0235791.ref014], [@pone.0235791.ref022], [@pone.0235791.ref023], [@pone.0235791.ref029], [@pone.0235791.ref030]\] and SExc \[[@pone.0235791.ref012], [@pone.0235791.ref013]\] in subjects with a preserved LVEF, and reports of greater sensitivity of s\` compared with LVEF for detection of early anthracycline toxicity \[[@pone.0235791.ref031]\]. However, whether GLS, s\` and SExc provide similar, and thus possibly interchangeable information with respect to the assessment of LV long-axis systolic function has received little attention in previous studies. The presence of correlations of GLS with s\` and SExc in our study are consistent with the findings of previous studies \[[@pone.0235791.ref003], [@pone.0235791.ref009], [@pone.0235791.ref011], [@pone.0235791.ref032]\], but previous studies did not compare the relationships of GLS with s\` and SExc within the one study. The observation of a closer relationship between GLS and SExc compared to that between GLS and s\` may have practical importance given that assessment of LV long axis function by TDI has been most commonly performed using peak velocities. In conjunction with previous evidence for the prognostic significance of SExc, the findings of the present study not only provide support for considering SExc in future attempts to better understand the nature and significance of GLS, but also for its inclusion in studies in which monitoring is being performed for a deterioration in LV long-axis contraction and where GLS may not be feasible.

While there is evidence that s\` and SExc both provide information about LV long-axis function \[[@pone.0235791.ref004], [@pone.0235791.ref031], [@pone.0235791.ref033]\], there has been little investigation of the relationship of s\` with SExc (as measured by any of the available techniques of 2D, M-mode or TDI integrals) in the same study. In the present study, heart rate had an important modifying effect on the relationship between s\` and SExc. Although not a correlate of s\` on univariate analysis, heart rate became a positive correlate and independent contributor to a model of s\` when combined with SExc. A similar finding has been reported in other groups of subjects with a normal LVEF \[[@pone.0235791.ref021]\], and can be most simply explained by consideration of the duration of the systolic signal, which becomes shorter as the heart rate increases \[[@pone.0235791.ref021]\]. Thus, if SExc remains the same at a higher heart rate but with a shorter contraction duration, then the peak velocity (s\`) would be expected to increase. Nevertheless, this simple explanation may be incomplete as it does not take into account a number of potentially important factors such as the effects of the force frequency relationship on the extent of contraction, reductions in heart rate which can occur after endurance training and with subject fitness, and that an increase in heart rate could be a compensation for diminished contraction \[[@pone.0235791.ref021]\]. Indeed, highlighting the complexity of heart rate relationships in the present study was that heart rate not only modified the relationship between s\` and SExc, but was also an inverse correlate of SExc.

Heart rate also had an important modifying effect on the relationships of GLS with SExc and s\` in the present study. Thus, heart rate was a significant and substantial contributor in models of GLS when combined with s\`, with this inverse correlation of heart rate with absolute GLS at least partly explained by it acting as a correction factor for the relationship of s\` and SExc in the setting of GLS being more closely related to SExc than s\`. An inverse correlation of absolute GLS with heart rate has been previously reported in HFpEF \[[@pone.0235791.ref009]\] and healthy subjects \[[@pone.0235791.ref034]\], however, no explanation for these observations has been proposed. That heart rate was also a contributor to the prediction of GLS when combined with SExc indicates that the mechanism is more complex than just an adjustment for the relationship between s\` and SExc. The inverse correlations of the absolute value of GLS and SExc with heart rate are consistent with the possibility that heart rate may increase as a compensation for diminished long-axis contraction. Consideration of heart rate could be important when changes in s\`, SExc or GLS are observed in individual subjects during follow-up studies as it is likely that the heart rates of individuals will vary between studies. An effect of heart rate could even become a systematic issue with respect to the assessment of long-axis function in some circumstances, e.g. heart rate has been reported to increase after anthracycline treatment \[[@pone.0235791.ref035]--[@pone.0235791.ref037]\].

LVEDL was an independent inverse correlate of the absolute value of GLS when combined with SExc in the present study and an interaction between LVEDL and SExc was also evident, as the partial correlation coefficients of SExc and LVEDL both increased in the model of GLS when they were combined. This finding was not unexpected as GLS reflects percentage deformation and should have a relationship with long-axis fractional shortening, which is also expressed as a percentage, the latter variable related to both the extent of systolic excursion and the end-diastolic length. Although not directly addressed by the current study, our finding invites speculation of how the variability of LVEDL between individuals and LVEDL change over time might modify the relationship between SExc and GLS in different clinical conditions. Thus, shortening of LVEDL has been reported to occur in association with aging \[[@pone.0235791.ref026], [@pone.0235791.ref038], [@pone.0235791.ref039]\], whereas an increase in LVEDL might be expected in association with LV dilatation, such as is seen during medium-term follow-up of anthracycline toxicity \[[@pone.0235791.ref040]\]. On the other hand, there have now been several reports that LV end-diastolic volume can decrease within 3 months of the commencement of chemotherapy \[[@pone.0235791.ref041]\], although information about what happens to LVEDL in these circumstances is not available. Nevertheless, that LVEDL has the potential to increase and decrease in individuals over time could be important when interpreting changes in s\`, SExc and GLS in future longitudinal studies.

In previous studies, GLS has not been feasible in a substantial proportion of the subjects and this is one of the reasons why alternative methods for the assessment of long-axis LV function such as TDI systolic variables merit consideration. In the HUNT study of a healthy population of 1266 individuals only 13765 of 22788 (60%) of analyzed segments yielded optimal speckle tracking and in randomized trials in HFpEF, inadequate imaging quality for strain measurement was reported in 56/477 subjects by Shah et al \[[@pone.0235791.ref011]\], and in 82/301 subjects by Kraigher-Krainer et al \[[@pone.0235791.ref009]\]. Furthermore, in one population study, 858/2154 subjects were excluded from strain measurement because of inadequate frame rate or inadequate image quality, and in the remaining 1296 subjects strain could be measured in all 3 apical projections in only 284 subjects \[[@pone.0235791.ref017]\]. In our study group speckle strain measurement was possible in all 3 apical projections in nearly all (84 out of 87) of the subjects, but this feasibility is not directly comparable to the above studies as subjects in our study were excluded from inclusion if the 2D image quality in any of the 3 views did not appear suitable for GLS measurement. Consistent with the high reported feasibility of TDI measurements in population studies \[[@pone.0235791.ref019]\], TDI measurements could be made in all subjects in the present study.

We found close correlations between the two observers for both of the TDI variables, but only a moderate correlation between the two observers for GLS. The presence of a moderate correlation for GLS is consistent with the finding of a large study in subjects with HFpEF in which the interobserver correlation coefficient was identical to that of the present study at 0.71 \[[@pone.0235791.ref011]\]. On the other hand, there were small systematic differences in both of the TDI variables, as well as GLS between the 2 observers. Although there is a rationale why SExc obtained from the 4 chamber view may be more closely correlated with 4 chamber GLS than with the standard average of 3 views GLS, the opposite was found in our study. One possibility for this finding, in a group of subjects in which genuine differences in GLS from the different views were not expected, is that averaging of GLS from the 3 views may provide a partial correction of random errors in the 4 chamber view results and thus a GLS result closer to the true value.

This study is an observational study and thus there are inherent limitations related to the conclusions which can be drawn. We specifically studied a group with low e\`because this group is at higher risk of cardiac events, and also because moderate variation in the magnitude of GLS was both expected and necessary to allow assessment of the relationship of GLS with TDI variables. It cannot be assumed that the relationships we found would be present in subjects selected on the basis of different criteria. Also, an unavoidable limitation of this study, and indeed of any study comparing GLS with other variables, is that it is not possible to assess GLS relationships in subjects in which GLS cannot be measured. There would have been variations in the magnitude of all the studied variables due to minute to minute natural variation, variations in acquisition and imprecision in measurement. Therefore the magnitude of the correlations between the different variables may well be an underestimate of the actual relationships had all signals and apical loops been able to be obtained simultaneously and optimally, and measured without error \[[@pone.0235791.ref042]\].

In conclusion, GLS is notionally similar to long-axis LV fractional shortening and consistent with this, in the present study the absolute value of GLS was positively correlated with SExc and inversely correlated with LVEDL. GLS was more closely related to SExc than s\`, at least partly related to a modifying effect of heart rate on the relation between SExc and s\`. Given that the available evidence suggests that mitral annular TDI measurements are possible in most subjects, whereas GLS is not obtainable in a substantial proportion of subjects, our findings provide a rationale for the measurement of SExc from the septal and lateral LV walls in future studies where the aim is for the sensitive detection of a deterioration in long-axis function.

Supporting information {#sec013}
======================

###### GLS relationships study.
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BP

:   blood pressure

e\`

:   peak velocity of early diastolic mitral annular motion

GLS

:   global longitudinal strain

HFpEF

:   heart failure with preserved ejection fraction

LV

:   left ventricular

LVEDL

:   left ventricular end-diastolic length

LVEF

:   left ventricular ejection fraction

s\`

:   peak velocity of systolic mitral annular motion

SExc

:   systolic mitral annular excursion

SS

:   systolic signal

TDI

:   tissue Doppler imaging
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Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Giuseppina Novo

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. In your Methods section, please provide additional information about the participants included in the analysis. Please ensure you have provided sufficient details to replicate the analyses such as: a) a description of any inclusion/exclusion criteria that were applied to participant inclusios, c) a table of relevant demographic details, d) a statement as to whether your sample can be considered representative of a larger population, e)  descriptions of where participants were recruited and where the research took place.

3\. Please amend your list of authors on the manuscript to ensure that each author is linked to an affiliation. Authors' affiliations should reflect the institution where the work was done (if authors moved subsequently, you can also list the new affiliation stating "current affiliation:...." as necessary).

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Your manuscript is interesting and well written. In your manuscript you investigated the relationships of GLS with TDI measurements of SExc and s\`, LVEDL and heart rate in a group of subjects without a history of heart failure.Your manuscript is interesting in the purpose and results. It is technically sound and well written.

Reviewer \#2: The authors investigates relation of GLS with TDI measures. They concludes that GLS is more closely related to Long-axis systolic excursion (SExc) than peak systolic velocity (s') of mitral annular motion, and is also independently and inversely related to LV end-diastolic length (LVEDL) and heart rate.

It is well known that SExc and s' are additional technique to evaluate systolic function even if ejection fraction is within normal values. Therefore, this observation is not innovative.

Several studies have shown that GLS is reduced in particular setting of patient with normal EF and this alteration has important therapeutic implications. Techniques to evaluate systolic function proposed by authors can be used when the images are not of good quality. In my opinion manuscript is not innovative.

This is a retrospective study and analysis was performed on stress echocardiograms and this is a strong limit. GLS evaluated in a retrospective study on stress echocardiograms is not reliable and probably this justifies the results of the study.

For these reasons, in my opinion manuscript is not suitable for publication.

Reviewer \#3: The authors demonstrated, in subjects with normal LVEF but reduced e\`, that the absolute value of GLS is more closely related to SExc than s\`, and that measurement of SExc may provide an additional or alternative technique for the assessment of LV long-axis function when GLS is not available or not feasible.

Some minor comments:

\- The study claims are convincing and well supported by the experimental data.

\- The manuscript is clearly written and fair in the treatment of previous literature. However, introduction and discussion sections in some parts are too long and difficult to follow.

\- Methods: methodology of SExc measurements needs to be described.

\- The images are coherent, however not easy to interpret. Please provide descriptive figure legends.

\- Please add the reference lines (+/- 1,96 SD) to the Bland Altman plots;

\- A figure with scatter plots describing the GLS linear correlations may render the paper more accessible.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0235791.r002

Author response to Decision Letter 0

23 May 2020

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Author response: The manuscript has been checked that it meets PLOS ONE requirements.

2\. In your Methods section, please provide additional information about the participants included in the analysis. Please ensure you have provided sufficient details to replicate the analyses such as:

a\) a description of any inclusion/exclusion criteria that were applied to participant inclusions,

Author response: A number of exclusion criteria were already listed in the Subjects subsection of the Methods section but an adjustment has also been to this subsection to provide some additional information about the exclusion and inclusion criteria for the study.

c\) a table of relevant demographic details,

Author response: Table 1 already provides relevant demographic details about the subjects.

d\) a statement as to whether your sample can be considered representative of a larger population,

Author response: The main aim of this study was methodological, with the subject selection largely based on methodological issues and not on the desire to describe a particular population. There is already a limitations paragraph in the Discussion which says that It cannot be assumed that the relationships we found would be present in subjects selected on the basis of different criteria. A statement has been added to this paragraph related to the methodological issue (which applies to any study in which the relationship of GLS with other variables is examined) that if GLS is not measurable in a subject then it cannot be compared to TDI variables.

e\) descriptions of where participants were recruited and where the research took place.

Author response: There is now an additional phrase in the Subjects subsection which indicates that the echocardiographic studies were performed in our institution (Monash Health).

3\. Please amend your list of authors on the manuscript to ensure that each author is linked to an affiliation. Authors' affiliations should reflect the institution where the work was done (if authors moved subsequently, you can also list the new affiliation stating "current affiliation:...." as necessary).

Author response: The affiliation for each author has been added.

Comments to the Author

We thank all the reviewers for their interest and comments.

Reviewer \#1: Your manuscript is interesting and well written. In your manuscript you investigated the relationships of GLS with TDI measurements of SExc and s\`, LVEDL and heart rate in a group of subjects without a history of heart failure. Your manuscript is interesting in the purpose and results. It is technically sound and well written.

Author response: We are very pleased that Reviewer 1 found the manuscript to be interesting, technically sound and well written.

Reviewer \#2: The authors investigates relation of GLS with TDI measures. They concludes that GLS is more closely related to Long-axis systolic excursion (SExc) than peak systolic velocity (s') of mitral annular motion, and is also independently and inversely related to LV end-diastolic length (LVEDL) and heart rate.

It is well known that SExc and s' are additional technique to evaluate systolic function even if ejection fraction is within normal values. Therefore, this observation is not innovative.

Several studies have shown that GLS is reduced in particular setting of patient with normal EF and this alteration has important therapeutic implications. Techniques to evaluate systolic function proposed by authors can be used when the images are not of good quality. In my opinion manuscript is not innovative.

Author response: Reviewer 2 seems to have misunderstood the aim of this study. There was no suggestion made by the authors that the techniques of s\` and SExc were considered innovative. Indeed, that s\`, SExc and GLS had all been studied before in subjects with a normal EF was clearly described in the Introduction and elaborated further in the Discussion. However, whether the systolic TDI variables provide the same information as GLS cannot be assumed. The aim of this study was to investigate the relationships of GLS with s\`, SExc, LVEDL and heart rate, a systematic investigation of which is new, as to the best of our knowledge it has not been performed previously. That GLS is more closely correlated with SExc and s\` has not been previously reported.

This is a retrospective study and analysis was performed on stress echocardiograms and this is a strong limit. GLS evaluated in a retrospective study on stress echocardiograms is not reliable and probably this justifies the results of the study.

For these reasons, in my opinion manuscript is not suitable for publication.

Author response: The authors can see no implications for the conclusions of the study related to the subjects being identified retrospectively, particularly as the exclusion and inclusion criteria are clearly stated in the manuscript. Neither can the authors understand why there might be an objection that the study group had all undergone stress echocardiography as stress echocardiography has been performed in previous studies in which inducible ischaemia was an exclusion criteria for the study. We also have tried to address the possibility that there was a misunderstanding regarding the timing of the imaging, with Reviewer 2 possibly thinking that GLS and TDI was performed on images obtained after exercise. GLS, s\` and SExc were measured in all subjects on baseline (resting) images obtained with the subjects lying in a left lateral position. The Methods section has been changed to make this clear.

Reviewer \#3: The authors demonstrated, in subjects with normal LVEF but reduced e\`, that the absolute value of GLS is more closely related to SExc than s\`, and that measurement of SExc may provide an additional or alternative technique for the assessment of LV long-axis function when GLS is not available or not feasible.

Some minor comments:

\- The study claims are convincing and well supported by the experimental data.

\- The manuscript is clearly written and fair in the treatment of previous literature. However, introduction and discussion sections in some parts are too long and difficult to follow.

Author response: We are very pleased that Reviewer 3 found the study claims convincing and well supported by the experimental data and the manuscript to be clearly written. Without any specific sections highlighted as being problematic, we have not been able to address this issue raised by the Reviewer that some parts of the manuscript being too long or difficult to follow.

\- Methods: methodology of SExc measurements needs to be described.

Author response: An addition has been added to the Methods section with regard to SExc measurement.

\- The images are coherent, however not easy to interpret. Please provide descriptive figure legends.

Author response: A more detailed figure legend has now been included for the Bland Altman plots (now Fig 3A, 3B & 3C in the revised manuscript). Because we did not want the way the data was presented to imply any significance from there being different signs for the biases of GLS and the TDI variables, Table 5 showing reproducibility measurements has been altered so that the one observer who measured both GLS and TDI variables is now shown as Observer 1 and the two other observers, one who measured GLS and one who measured TDI variables, are now shown as Observer 2. This results in all the biases being positive and the plots have been adjusted to show this. The alterations do not change anything fundamental about the interpretation regarding reproducibility.

\- Please add the reference lines (+/- 1,96 SD) to the Bland Altman plots;

Author response: The lines corresponding to the 95% confidence limits (+/- 1,96 SD) have been added to the Bland Altman plots

\- A figure with scatter plots describing the GLS linear correlations may render the paper more accessible.

Author response: There are now figures included which show scatter plots and the correlations of GLS with s\` and SExc (Fig 1 and Fig 2).
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Giuseppina

Academic Editor

© 2020 Giuseppina Novo
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Giuseppina Novo

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

15 Jun 2020

PONE-D-20-06704R1

Relationships of global longitudinal strain with s\`, long-axis systolic excursion, left ventricular length and heart rate

PLOS ONE

Dear Dr. Peverill,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that the manuscript is improved  but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by Jul 30 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Giuseppina Novo

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#3: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: (No Response)

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: (No Response)

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: (No Response)

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: (No Response)

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#3: The manuscript has been improved considerably. I am happy with the edits that were made in response to my earlier review.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0235791.r004

Author response to Decision Letter 1

19 Jun 2020

I understand from the Editor that the revised manuscript was accepted and that no further changes are required.

Roger Peverill
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PONE-D-20-06704R2

Dear Dr. Peverill,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Giuseppina Novo

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Dear Author,

I apologize for the inconvenience.

Reviewers\' comments:

10.1371/journal.pone.0235791.r006
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This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

10 Jul 2020

PONE-D-20-06704R2

Relationships of global longitudinal strain with s\`, long-axis systolic excursion, left ventricular length and heart rate

Dear Dr. Peverill:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Professor Giuseppina Novo

Academic Editor

PLOS ONE
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